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Correlation effects on electron transport through a system of T-shaped double-dots are in-
vestigated, for which only one of the dots is directly connected to the leads. We evaluate the
local density of states and the conductance by means of the non-crossing approximation at finite
temperatures as well as the slave-boson mean field approximation at zero temperature. It is
found that the dot which is not directly connected to the leads considerably influences the con-
ductance, making its behavior quite different from the case of a single-dot system. In particular,
we find a novel phenomenon in the Kondo regime with a small inter-dot coupling, i.e. Fano-like
suppression of the Kondo-mediated conductance, when two dot levels coincide with each other
energetically.
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§1. Introduction
Recent intensive investigations of electron transport
phenomena through quantum dot systems have revealed
that the strong electron-electron interaction plays a cru-
cial role at low temperatures. In particular, the Kondo
effect, which is a prototypical many-body effect, has been
discovered in a single-dot system, stimulating further
theoretical and experimental studies.1, 2, 3, 4, 5, 6, 7, 8, 9, 10)
The Kondo effect has been also observed in coupled
quantum dots,11, 12, 13, 14) in which the inter-dot coupling
is coulombly controllable, making this system especially
fascinating. In particular, from systematic studies on
coupled quantum dots it has been pointed out that a
wide variety of Kondo-like phenomena can indeed occur
at low temperatures.15, 16, 17, 18, 19, 20)
There has been another remarkable phenomenon ob-
served in quantum dot systems, i.e. the Fano ef-
fect,21, 22, 23, 24) which is caused by the interference be-
tween two distinct resonant channels in the tunneling
process. When this effect is combined with the Kondo
effect, it may provide various interesting many-body ef-
fects by the interplay of both phenomena.
In this paper, we investigate tunneling phenomena
through a system of two coupled quantum dots in specific
parallel-geometry shown in Fig.1, which may be referred
to as a system of T-shaped double dots. The system is
also regarded as a single-dot system decollated by an-
other dot, so that the additional right dot may open
a tunneling channel distinct from the direct resonance
via the left dot, and is thus expected to give rise to
the interplay between the Kondo effect and the Fano-
type interference effect. By using non-crossing approx-
imation (NCA)25, 26, 27, 28, 29) approach for a generalized
Anderson tunneling Hamiltonian, we calculate the local
density of states (DOS) and the tunneling conductance.
The NCA approach is further supplemented by the zero-
temperature calculation by means of slave-boson mean
field (SBMF) approximation.30, 31) We discuss how sev-
eral tunable parameters influence the local DOS and the
tunneling conductance. It is shown that the inter-dot
coupling and the relative position of dot levels play an es-
sential role for electron transport. In particular, we find
that in the Kondo regime with a small inter-dot tunnel-
ing, the Kondo-mediated conductance is suppressed by
the Fano-like interference effect.
This paper is organized as follows. In the next section,
we briefly describe the model and the method, and then
in §3 we show the results obtained for the local DOS and
the conductance. A brief summary is given in §4
§2. Model and Method
S(source)
D(drain)
Wl
V
Fig. 1. T-shaped double-dots system in parallel geometry. The
left dot is connected to both of the leads whereas the right dot
is to the left one. The tunneling amplitude between the dots is
V and that between the left dot and the leads is Wl.
2.1 Model Hamiltonian
We consider T-shaped double dots shown in Fig.
1. This system is described by an extended Anderson
Hamiltonian for double dots,
H= Hloc +Hmix
H loc =
∑
i=l,r
∑
σ
ǫid
†
iσdiσ + V
∑
i6=j
d†iσdiσ + U
∑
i
ni↑ni↓
1
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Hmed =
∑
kσα
ǫkσαc
†
kσαckσα +
1√
2
∑
kσα
(Wlc
†
kσαdlσ + h.c)(1)
where d†iσ creates an electron in the left or right dot (la-
beled by i = l, r) with the energy ǫi and spin σ, whereas
c†kσα creates an electron in the leads specified by α = s, d
(source, drain) with the energy ǫkσα and spin σ. V is the
inter-dot tunneling amplitude while Wl is that between
the left dot and the leads. We assume that the intra-
dot Coulomb interaction is sufficiently large to prohibit
the double occupancy of electrons in each dot. To treat
this situation, we apply the NCA to our model, which
is known to give reasonable results in the temperature
range larger than the Kondo temperature.25, 26, 27) At
lower temperatures the NCA may become inappropri-
ate so that we adopt a complementary approach based
on the SBMF approximation at zero temperature.30, 31)
2.2 NCA approach
Let us treat the Hamiltonian (1) by extending the
NCA to the case possessing several kinds of ionic prop-
agators. A similar extension of the NCA to the case
of four ionic propagators has been applied successfully
to the single impurity Anderson model with the finite
Coulomb interaction.28) In order to formulate the Green
function for our double-dots model, we first diagonalize
the local Hamiltonian Hloc, which can be expressed in
terms of the Hubbard operators Xmn = |m〉〈n| as
Hloc =
9∑
m=1
EmXmm, (2)
where |m〉 and Em respectively denote the eigenstate of
the local Hamiltonian and the corresponding eigenen-
ergy. Recall that we should impose the constraint on the
Hilbert space such that double occupancy of electrons in
each dot is forbidden. The remaining Hamiltonian Hmed
can be also expressed in terms of the Hubbard operators
as
Hmed =
∑
kσα
ǫkσαc
†
kσαckσα
+
1√
2
∑
kσα
∑
mn
(WlU
lσ∗
nmc
†
kσαXnm + h.c), (3)
where the matrix element U lσnm is given by
U lσnm = 〈m|d†lσ|n〉. (4)
For each eigenstate |m〉, the ionic propagator and the
corresponding local DOS are defined by
Pm(ω) =
1
ω − Em − Σm(ω) , (5)
ρm(ω) = − 1
π
ImPm(ω + iδ), (6)
and its self-energy is represented in terms of U lσnm as
Σm(ω) =
∑
nσ
(|U lσmn|2 + |U lσnm|2)
× ∆
∫ ∞
−∞
dǫf(ηmnǫ)Pn(ω + ηmnǫ) (7)
where f(ǫ) = [exp(βǫ) + 1]−1 is the Fermi distribu-
tion function (β = 1/T ), and we set ηmn = −1(+1)
if the number of particles accommodated in |m〉 is larger
(smaller) than that in |n〉. We evaluate the self-energy
Σm(ω) in a self-consistent perturbation theory up to the
second order in the hybridizationWl as is usually done in
the NCA. The left and right Green’s functions are given
by
Gl(r)(ω) =
∑
mn
|U l(r)σmn |2〈〈Xmn;Xnm〉〉ω , (8)
〈〈Xmn ; Xnm〉〉ω
=
1
Zloc
∫
dǫe−βǫ[ρm(ǫ)Pn(ǫ+ ω)− ρn(ǫ)Pm(ǫ − ω)],(9)
Zloc =
9∑
m=1
∫
dǫe−βǫρm(ǫ). (10)
The local DOS for the i-th dot is thus expressed as
ρi(ω) = − 1
π
ImGi(ω + iδ), (11)
and the conductance is
G =
2e2
h
∑
σ
Γ
∫ ∞
−∞
dω
(
−∂f(ǫ)
∂ǫ
)
ρl(ω), (12)
where Γ is the tunneling strength, which is given by
the source (drain) tunneling strength Γs (Γd) via the
relation Γ = Γ
sΓd
Γs+Γd
. We numerically iterate the proce-
dure outlined above to obtain the conductance by ex-
tending the way of Y.Meir et al32)for the single-dot sys-
tem. In the following discussions, we assume that the
hybridization between the left dot and the leads is given
by Γs = Γd = 2∆ for simplicity.
Here, we make a brief comment on the vertex correc-
tion in our NCA formalism. It is known for the finite-U
Anderson model that the vertex corrections in the local
Green function are not so important as far as the one-
particle spectral function is concerned.28) It is expected
that this is also the case for the present system, so that
we neglect them in the following discussions.
2.3 Slave-boson mean-field approach
Since the NCA approach may not give reliable results
at lower temperatures, we perform complementary calcu-
lations of the conductance at zero temperature by means
of the SBMF theory.30, 31) We introduce a slave boson
operator b†i and a fermion operator f
†
iσ, where b
†
i (f
†
iσ)
creates an empty state (a singly occupied state) in each
dot under the constraint,∑
σ
f †iσfiσ + b
†
i bi = 1. (13)
In this method, the mixing term such asWlc
†
kσαdlσ in (1)
is replaced by Wlc
†
kσαflσb
†
l , etc. We now apply a mean-
field treatment to our model by replacing the boson op-
erator by its mean value; bi, b
†
i → b¯i. The Hamiltonian
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is then written as
H =
∑
i=l,r
∑
σ
ǫ˜if
†
iσfiσ + V˜
∑
i6=j
f †iσfjσ +
∑
i
λi(b¯
2
i − 1)
+
∑
kσα
ǫkσαc
†
kσαckσα +
∑
kσα
(W˜lc
†
kσαflσ + h.c) (14)
where we have introduced the Lagrange multipliers λi,
the renormalized energy level in the i-th dot ǫ˜i = ǫi+λi
the renormalized tunneling V˜ = V b¯lb¯r, and W˜l =
1√
2
Wlb¯l. For the mean-field Hamiltonian (14), we cal-
culate the ground-state energy Egs as
Egs =
2
π
Im
∑
P=±
[ξP ln(−ξP ) + (D + ξP ) ln(−D − ξP )]
+
∑
i
λi(b¯
2
i − 1) + β(D + µ)π, (15)
where ξ± = 12 [ǫ˜r + ǫ˜l − i∆˜ ±
√
(ǫ˜r − ǫ˜l + i∆˜)2 + 4v˜2].
The mean-field values of λi and b¯i can be determined
self-consistently by minimizing Egs with respect to λi
and bi, or equivalently with respect to the renormalized
parameters ǫ˜i, V˜ and W˜l. Then we can determine the
conductance G by calculating the Green’s functions for
both dots. The conductance is given by
G =
2e2
h
∑
σ
T (ω = 0), (16)
where T (ω = 0) = Γρl(ω = 0) is the transmission prob-
ability.
This completes the formulation based on the NCA and
the SBMF treatment. By calculating the local DOS in
each dot from the above formulae, we can evaluate the
tunneling conductance.
§3. Numerical Results
We now discuss how transport properties of the T-
shaped double-dots system are affected by the interfer-
ence of two dots. We show the results obtained by the
NCA at finite temperatures together with the comple-
mentary SBMF results at zero temperature. We will use
Γ as the unit of the energy.
3.1 Tuning the inter-dot coupling
We first discuss the results by changing the inter-dot
coupling V systematically. The calculated conductance
is plotted in Fig. 2 by choosing typical sets of the pa-
rameters corresponding roughly to (a) the Kondo regime
and (b) the valence fluctuation regime.
We start with the Kondo regime shown in Fig. 2(a).
It is seen that the conductance is gradually enhanced
with the decrease of the temperature almost in the whole
range of V shown in the figure. For small V , the enhance-
ment is clearly attributed to the Kondo effect due to the
left dot, which is indeed confirmed from the DOS shown
in Fig. 3. Namely, for small inter-dot coupling (V = 0.1),
it is seen that the left dot has the typical DOS expected
for a single-dot Kondo system, while the right dot has a
sharp delta-function type spectrum similarly to an iso-
lated dot. When the inter-dot coupling becomes large,
the left- and right-dot levels are mixed up considerably,
leading to the upper and lower levels given by
ǫ± =
1
2
[
(ǫlσ + ǫǫrσ )±
√
(ǫlσ − ǫǫrσ) + 4V 2
]
. (17)
The effective upper level is pushed upward with the in-
crease of V , resulting in the increase of the conductance.
It should be noted that the conductance strongly de-
pends on the temperature even when the effective upper
level is located around the Fermi level. Its temperature
dependence is not due to the Kondo effect, but is mainly
caused by that of the Coulomb peak itself, as seen in the
corresponding DOS for the intermediate inter-dot cou-
pling V = 1.0 in Fig. 3. This implies that the electron
correlations play a crucial role for the conductance even
in this parameter regime. As the inter-dot tunneling fur-
ther increases, the upper level goes beyond the Fermi en-
ergy. It is remarkable that a tiny resonance peak again
appears around the Fermi level. This peak is identified
with the Kondo resonance because it gradually develops
with the decrease of the temperature, as seen in the inset
of Fig. 3(a). However, the resulting Kondo temperature
is rather small, and the conductance via the Kondo res-
onance is hindered by that caused by the upper level.
Therefore in the parameter regime V ∼ 2.4, the con-
ductance is not so much enhanced with the decrease of
the temperature, although the small Kondo peak indeed
exists.
As mentioned before, our NCA results become less re-
liable at low temperatures. To overcome this problem,
we calculate the conductance by the SBMF theory at
zero temperature. The results are shown in the inset
of Fig. 2 (a). It is seen that for small V (∼ 0.1), the
conductance is increased almost up to the unitary limit,
while in the intermediate regime V ∼ 2, the conductance
is not so much enhanced. In the strong V regime, the
conductance is enhanced, but the effective Kondo peak is
shifted slightly away from the Fermi level, so it does not
reach the unitary limit. In this way, the SBMF results
confirm that the conductance calculated by the NCA ap-
proach indeed gives reliable results.
We next discuss the valence-fluctuation regime. The
calculated conductance is shown in Fig. 2 (b), and the
corresponding DOS is shown in Fig. 4. As mentioned
above, when the inter-dot tunneling V increases, two dot
levels are separated and thus the upper (lower) level is
shifted beyond (below) the Fermi level. Therefore, the
conductance is decreased since the Coulomb peak dis-
appears around the Fermi level. This is indeed seen in
the finite-temperature NCA results as well as the zero-
temperature SBMF results in Fig. 2(b). As mentioned
in the case of the Kondo regime, in the large V regime, a
tiny Kondo peak appears, which can be also seen in the
DOS in Fig. 4.
3.2 Tuning the dot-levels
We now investigate how the conductance is changed
when the energy level of the left or right dot is tuned.
This may be experimentally studied by changing the gate
voltage.
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3.2.1 Conductance control by the left dot
We start by examining the conductance as a function
of the left-dot level, ǫl. The results are shown in Fig.
5. Most of the characteristic properties in this case can
be understood from the discussions given in the previ-
ous subsection. In the weak inter-dot coupling regime
shown in Fig. 5 (a), the conductance is enhanced due
to the formation of the Kondo resonance as the temper-
ature decreases when ǫl is sufficiently deep. As ǫl ap-
proaches the Fermi level, the conductance is dominated
by the current via the bare resonance formed around the
effective energy level of the left dot. This type of the
interpretation is also valid for the strong inter-dot cou-
pling regime shown in Fig. 5 (b), for which the effective
level should be replaced by the resultant upper level, ǫ+.
In this case, the temperature dependence of the conduc-
tance is understood by the same reason mentioned in Fig.
2 (b). We note that the Kondo peak appears again even
for ǫl ∼ 0, but the conductance is mainly dominated by
the resonance of the upper level existing near the Kondo
peak.
3.2.2 Conductance control by the right dot
We finally discuss the conductance by tuning the en-
ergy level of the right dot, ǫr. We again investigate two
cases with small and large inter-dot coupling V . The
results are summarized in Fig. 6. Let us start with the
case of small V . When ǫr of the right dot is deep below
ǫl, the conductance is mainly controlled by the Kondo
mechanism of the left dot, as already mentioned before.
This is also valid for the case when ǫr is higher beyond
ǫl. These effects are indeed seen in the conductance of
Fig. 6(a). Namely we can see the Kondo enhancement
of conductance with the decrease of the temperature.
It should be remarked that we encounter a novel in-
terference phenomenon, i.e. nontrivial suppression of the
conductance, when two bare dot-levels coincide with each
other. This is observed both in the NCA results as well
as the SBMF results in Fig. 6(a) around ǫr ∼ −2.0. This
may be regarded as a Fano-like effect caused by the in-
terference between two distinct channels,21, 22, 23) i.e. the
direct Kondo resonance of the left dot and the indirect
resonance via both of the right and left dots. As V be-
comes large, such interference is smeared, and cannot be
observed in Fig. 6(b). We wish to mention that this type
of dip structure can be also seen in Fig. 5(a) if the left
level is varied through the point ǫl ∼ ǫr = −3.0.
In order to clarify the origin of the interference effect,
we observe how the DOS changes its character when the
right dot level is changed with V = 0.1 being fixed. It is
seen in Fig.7 that when two localized levels are separated
energetically, the DOS of the left dot is analogous to
that for the ordinary single-dot Anderson model, which
is slightly modified around ǫr by the hybridization effect
of the right dot. Therefore, in this parameter regime,
the conductance is mainly controlled by the Kondo res-
onance of the left dot. However, when two levels are
almost degenerate (ǫr = ǫl = −2.0), the left and right
states are equally mixed together to lift the degeneracy,
and make two copies of similar DOS. As a consequence,
this change around the bare levels indirectly modifies the
Kondo resonance, namely, it supresses the formation of
the Kondo peak around the Fermi level, as seen from
Fig.7 for ǫr = −2.0. This thus gives rise to the decreace
in the conductance. It is to be noted here that such an
interference effect occurs when the right level is changed
in the energy range of the order of ∆, while the rele-
vant temperature range, in which such an effect may be
observable, is given by the effective Kondo temperature.
Therefore, both of the bare and renormalized (Kondo)
energy scales play a crucial role in this interference phe-
nomenon.
It is instructive to point out that the interplay of
the Kondo effect and the interference effect appears for
smaller V , which may be suitable for this effect to be
observed in experiments.
§4. Summary
We have studied electron transport in the T-shaped
double-dots system as a function of the inter-dot cou-
pling as well as the dot levels. We have calculated the
tunneling conductance by exploiting the NCA at finite
temperatures as well as the SBMF treatment at zero tem-
perature. It has been found that though the electron
current flows only through the left dot, its behavior is
considerably affected by the additional right dot via the
interference effect. This demonstrates that the transport
properties of the system may be controlled by properly
tuning the parameters of the right dot which is indirectly
connected to the leads.
In particular, we have found a remarkable interference
phenomenon for a small inter-dot coupling in the Kondo
regime; the conductance is suppressed when two bare
dot-levels coincide with each other energetically, which
is caused by the interference effect between two distinct
channels mediated by the left and right dots. This ef-
fect may be observed experimentally around or below
the Kondo temperature by appropriately tuning the gate
voltage for the dots in the range of the resonance en-
ergy due to the inter-dot coupling. In real double-dots
systems, the inter-dot tunneling may be rather small,
which may provide suitable conditions for our proposed
phenomenon to be observed.
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V
Fig. 2. Conductance for the T-shaped double-dots system as a
function of the inter-dot coupling V at various temperatures:
(a) Kondo regime with the bare energy levels ǫl = −2.0 and
ǫr = −3.0, (b) valence-fluctuation regime with ǫl = −1.0 and
ǫr = −2.0. The inset shows the conductance computed by the
SBMF approximation at zero temperature. In the Kondo regime
(a), the electron number occupying the left (right) dot is nl ≃ 1.0
(nr ≃ 1.0) for V = 0.1, and nl ≃ 1.0 (nr ≃ 0.9) for V = 1.5. On
the other hand, in the valence fluctuation regime (b), nl ≃ 0.6
(nr ≃ 1.0) for V = 0.1, and nl ≃ 0.5 (nr ≃ 0.5) for V = 1.5.
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Fig. 3. Local density of states in the Kondo regime at T = 0.05:
(a) left dot, (b) right dot. The solid, dashed and dotted lines
correspond to the results for V = 0.1, V = 1.0 and V = 2.4
respectively. The inset in (a) shows ρl(ω) for V = 2.4, where the
solid line is for T = 0.05 and the dotted line for T = 0.2. The
effective Kondo temperature is about 0.01 for V = 0. The Fermi
level is taken to be ω = 0.
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)
Fig. 4. Local density of states in the valence-fluctuation regime
at T = 0.05: (a) left dot, (b) right dot. The solid, dashed, dotted
and dot-dashed lines correspond to V = 0.1, V = 0.5, V = 1.0
and V = 2.0 respectively. The Fermi level is taken to be ω = 0.
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Fig. 5. Conductance for the T-shaped double-dots system as a
function of the left-dot level ǫl with ǫr = −3.0 being fixed: (a)
V = 0.1 and (b) V = 1.5.
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Fig. 6. Conductance for the T-shaped double-dots system as a
function of the right-dot level ǫr with ǫl = −2.0 being fixed: (a)
V = 0.1 and (b) V = 1.5.
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Fig. 7. Local density of states for V = 0.1. The energy level ǫr
of the right dot is systematically changed with a
